Habitat fragmentation affects the biodiversity and function of aboveground organisms in natural ecosystems but has not been studied for effects on belowground species. In this paper, we consider the diversity of the rhizobia associated with the indigenous legume Dalea purpurea in 3 residual prairie areas in Minnesota and Iowa. Using Dalea purpurea as a trap host, 218 rhizobia were recovered from these soils then characterized using BOXA1R PCR. Three major and 13 minor groups were distinguished based on a similarity of greater than 75% in fingerprint patterns. Each major group consisted almost exclusively of rhizobia from a single prairie, with the diversity of Dalea rhizobia recovered from the Hayden Prairie less than that obtained with rhizobia from the other prairies. Based on 16S rRNA gene sequence analysis, isolates from the Hayden, Ordway, and Kellogg-Weaver Dunes prairies were most similar to Rhizobium etli and Rhizobium leguminosarum, Rhizobium gallicum, and Mesorhizobium amorphae and Mesorhizobium huakuii, respectively. This variation in the dominant microsymbiont species across the 3 prairies studied was unexpected but could have been influenced by the limited number of samples that we were allowed to take, by unanticipated cross-nodulation between native legumes, and by variation in the range of legume species present in each residual prairie area. While some of the rhizobia from Dalea nodulated Phaseolus vulgaris, Macroptilium atropurpureum, Leucaena leucocephala, and Onobrychis viciifolia in addition to the Dalea species tested, others nodulated Astragalus canadensis or Amorpha canescens.
Introduction
Habitat fragmentation is a common and serious environmental consequence of human expansion, often shaping ecosystems into areas that bear limited structural and functional relationship to the original (Young and Clarke 2000) . Such human activities have already transformed between 33% and 50% of the earth's land surface (Skole and Tucker 1993; Skole et al. 1994) , with consequences that include the extinction of some animal and plant species and reduction in the population size, diversity, and function of others (Young and Clarke 2000) . The tallgrass prairie biome of the American midwest is one area to have experienced this type of perturbation. In the early nineteenth century, there were more than 7.29 million ha of tallgrass prairie in western and southern Minnesota; today, less than 0.5% of that prairie area remains (Djupstrom 1988) . Much of the residue is in relatively small areas inaccessible to farm machinery, along roads, rail lines, and rights of way, and in various stages of degradation.
Concern with this decline has prompted a number of restoration programs, including the designation of specific highways as "Wildflower Routes", but few restoration areas achieve their original condition (Brye et al. 2002; Sluis 2002) . A contributing factor could be the effects of fragmentation on prairie legumes and associated rhizobia. Legumes are a major source of nitrogen in the tallgrass prairie, and prairie restoration programs in which legumes have failed to reestablish may still be nitrogen limited and reduced in species richness 25 years after establishment (Kindscher and Tieszen 1998) . Despite increasing interest in the relationship between above-and belowground diversity (Bever et al. 1997) , we know of only one study (Porazinska et al. 2003) in which the belowground diversity of organisms in a tallgrass prairie has been examined and none that has considered how remnant size or isolation might have affected Rhizobium diversity and function.
We have been supported by the Minnesota Department of Transportation (MNDOT) to isolate inoculant-quality rhizobia for the prairie legumes in which they have interest and to monitor the establishment and function of legumes and rhizobia in seeded prairies. In this paper, we report studies to examine the effects of seed source and prairie remnant on Rhizobium diversity and function using the purple prairie clover (Dalea purpurea) as an example.
Materials and methods

Cone and soil sampling
In the fall of 1999, D. purpurea seed cones were harvested and soil samples collected from 3 residual prairie areas: Kellogg-Weaver Dunes, TNC, Wabasha County, Minnesota (282 ha); Ordway Prairie, TNC, Pope County, Minnesota (235 ha); and Hayden Prairie, Howard County, Iowa (97 ha).
The characteristics of each Minnesota prairie are described by the Minnesota Department of Natural Resources (1995) and those of the Hayden Prairie at the Iowa Department of Natural Resources website (http://www.iowadnr. com).
The samples were obtained with the permission of The Nature Conservancy and the Minnesota and Iowa Departments of Natural Resources. However, we were limited in seed sampling to the cones from only 20 plants and to collecting 3 100-g soil samples per prairie. Seed cones were selected from plants spaced at least 3 m apart and scattered throughout each prairie. Soil samples were taken to a depth of 10 cm, in close proximity to Dalea spp. populations, and were stored at 5°C in sealable containers until used.
Assays for nodulation and nitrogen fixation
Seed cones from the Ordway Prairie yielded few mature seeds and could not be included in our study. Cones from the Hayden and Kellogg-Weaver Dunes prairies were individually dehulled and scarified and then stored in screw-cap microvials at -20°C. For inoculation studies, seeds from the individual cones were rinsed in ethyl alcohol, surface sterilized for 4 min in 3% Chlorox (Vincent 1970) , and then washed 5 times in sterile distilled water. They were allowed to imbibe for 4 h and then transferred to petri dishes containing moistened sterile silica sand and pregerminated for 2 d at 28°C. Seed germination percentage varied substantially, with only 15 cones from each of the Hayden and Kellogg-Weaver Dunes prairies producing sufficient seedlings for inclusion in this study.
Plants were grown in modified Leonard jars (Somasegaran and Hoben 1994) prepared from 3 magenta units (Sigma, St. Louis, Missouri) as described by Tlusty et al. (2004) . The support medium was of industrial quartz No. 10 (Unimin, La Sueur, Minnesota) and unfertilized peat moss (Sungro Horticulture Inc., Bellevue, Washington) (3:1 ratio), with the plant nutrient solution used detailed by McDermott and Graham (1990) . Magenta assemblies were sterilized for 20 min. at 1.38 × 10 5 Pa and then 3 seedlings planted per assembly, but thinned to 1 plant per assembly after 20 d.
Separate inoculants were prepared using the soils collected from each prairie. The 3 soil samples per prairie were carefully mixed, with 160 g from this mixture then added to 3200 mL of sterile distilled water. After vigorous shaking to ensure suspension of soil particles, 100 mL was added to triplicate magenta units for each of the 30 seed sources tested. Inoculated magenta units were arranged in a completely randomized pattern in a Conviron PGW36 growth chamber (Controlled Environment Ltd., Winnipeg, Manitoba) set to a 12-h photoperiod and with a 25°C day and 20°C night temperature. Plants were harvested after 107 d, with the nodule number and fresh mass per plant determined and the nodules transferred immediately to -20°C. Plant shoots were then separated and dried and aboveground plant dry mass also determined.
Most probable number (MPN) count
MPN counts were used to estimate numbers of Dalea rhizobia in each prairie soil (Somasegaran and Hoben 1994) using the annual Dalea leporina var. Sundance (Boe and Bortnem 1998) as host. This variety exhibits faster and more uniform germination than occurred with indigenous Dalea seed and has more vigorous early growth. Seeds were sterilized and pregerminated as indicated before, with 2-day-old seedlings aseptically transferred into 25 mm × 200 mm culture tubes (Bellco Glass Inc., Vineland, New Jersey) containing 50 mL of Summerfield-N plant nutrient solution (McDermott and Graham 1990 ) with 0.75% agar. For MPN counts, 10 g of prairie soil was diluted in 90 mL of phosphatebuffered saline (Sambrook et al. 1989) , shaken for 10 min on a wrist-action shaker, and then a 4-fold dilution series prepared (10 -1 to 1.02 × 10 -4 ). Four replicate tubes were inoculated per dilution and 1 mL of the appropriate soil dilution applied to each (Vincent 1970) . Inoculated plants were maintained in a Conviron PGW36 growth chamber (Controlled Environment Ltd.) with a 12-hour photoperiod and a 25°C day and 20°C night temperature. Plants were harvested 4 weeks after inoculation and were scored for the presence of nodules.
Characterization of rhizobia for genetic variability using BOXA1R PCR
Randomly selected nodules from the 20-60 available from each seed source and soil inoculant combination (collected and then stored at -20°C) were used in the isolation of rhizobia, with the cultures thus obtained then subject to rep-PCR using BOXA1R primer. Nodules were thawed and imbibed for 1 h in sterile distilled water, surface sterilized by soaking in ethyl alcohol and Chlorox (Vincent 1970) , and then rinsed 5 times in sterile distilled water. Each nodule was then crushed and the nodule debris streaked onto plates of yeast-mannitol agar (YMA) medium (Vincent 1970) . Plates were incubated for 6 d at 28°C and then isolated colonies selected and resubcultured. Single colonies were picked from each isolate and replated and then these reisolates stored on slants at 5°C. Standard reference strains used for comparison in this study (Table 1) were grown on the same medium and under the same conditions.
In preparation for PCR analysis, 1 µL of cells from each isolate was collected on sterile disposable inoculating loops and then this inoculum added to 1 mL of sterile tryptoneyeast extract broth medium (Somasegaran and Hoben 1994 ) in a microfuge tube and then grown with agitation at 280 r·min -1 for 24 h at 24°C. Cells were always taken from a single colony on a 4-to 6-day-old YMA plate. Each cell suspension was then centrifuged at 16 000g for 2 min, the supernatant removed, and the cells washed twice with 1 mL of sterile 1 mol/L NaCl. The cell preparations were then recentrifuged for 4 min at 16 000g, the supernatants removed, and the pellets resuspended in 0.5 mL of sterile Tris-EDTA (10:1) buffer (pH 7.6) (Sambrook et al. 1989 ) and stored at -20°C.
For PCR, each cell sample was further diluted 1 in 4 in sterile double-distilled water, just before use, with 20-µL quantities then transferred to sterile 96-well trays and kept at -20°C pending PCR. PCR was carried out using C-09 BOXA1R primer (Versalovic et al. 1994 ) (Integrated DNA Technologies, Coralville, Iowa), a PTC 200 thermocycler (MJ Research, Waltham, Massachusetts) , and the procedure of Rademaker and de Bruijn (1997) . Each set of reactions included a negative control. Ten-microlitre subsamples of PCR product were separated by electrophoresis in TBE (Sambrook et al. 1989 ) using 20 cm × 25 cm horizontal gels with 1.5% agarose, with the gels run at a constant temperature of 8°C at 70 V for 17.5 h. Three standard molecular size markers of a 1-kb DNA ladder (Promega Corp., Madison, Wisconsin) and the PCR product of the strains Rhizobium spp. UMR6815 and Rhizobium etli UMR1632 were included as reference strains in each gel, and the position of the PCR products from the different rhizobial isolates from Dalea randomized within and between gels (see Fig. 1 ). Following electrophoresis, the gels were stained in 0.5 µg ethidium bromide/mL for 30 min and photographed using a FOTO/Analyst Archiver (Fotodyne Inc., Hartland, Wisconsin). Gel images were subject to qualitative analysis using Bionumerics version 3.0 (Applied Maths, SintMartens-Latem, Belgium) with band positions on each gel normalized by comparison with bands in the 1-kb ladder. The densitometric curve for each strain was analyzed using Pearson's correlation coefficient used as a measure of simi- larity. Clustering analysis used the unweighted pair-group method with arithmetic averages (UPGMA) to generate dendrograms showing the degree of genetic similarity among isolates and reference strains. From the dendrogram, the diversity of the rhizobial population in each prairie was calculated using the Shannon diversity index (Magguran 1988) :
where p i is the proportion of rhizobia strains found in each group of strains at >75% similarity divided by the total number of strains recovered from each prairie soil.
16S rRNA gene sequence analysis
The 16S rRNA genes of 12 isolates selected to represent groups identified using BOXA1R PCR and of 3 inoculant strains for Dalea spp. (UMR 6815, UMR7205, and UMR7240) ) and the reference strains Rhizobium spp. (Dalea) 2D4 and IC5 from D. purpurea and Dalea candida, respectively, were sequenced using the methods of van Berkum et al. (1996) . The prairie isolates chosen as representative were 3WH5 and 2WH4 (group 1, Hayden Prairie), 1WW4 and 2 HW10 (group 2, KelloggWeaver Dunes), 1HR1, 4HR1, and 3WR11 (group 3, Ordway Prairie), 2HW3, 5HW3, and 1WW15 (minor group 4, Kellogg-Weaver Dunes), and 1HW5 and 3WR15 (minor groups 5 and 6, Kellogg-Weaver Dunes and Ordway Prairie, respectively).
The 16S rRNA alleles were amplified with the primers 16Sa and 16Sb of van Berkum and Furhmann (2000) in 120-µL volumes, with the PCR products subsequently purified using QIA quick spin columns (Qiagen Inc., Chatsworth, California). Sequence analysis used a Perkin Elmer model 377 DNA automated sequencer in combination with a DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer, Foster City, California). The sequences were aligned using the PILEUP program in the Wisconsin package of the Genetics Computer Group (Madison, Wisconsin). Aligned sequences were checked manually and were edited with Genedoc (Nicholas et al. 1997 ) when necessary. Tree construction used the Molecular Evolutionary Genetics Analysis package version 1.02 (Kumar et al. 2001) . Similarities of 16S rRNA gene sequences were derived by UPGMA of the number of nucleotide differences rather than by reconstructing phylogenies because of the possibility of past recombination events among alleles of the rrn locus (van Berkum et al. 2003) .
Host-rhizobium specificity
Because of differences between isolates in both PCR banding patterns and 16S rRNA gene sequence analysis, we evaluated the host range of representative organisms identified in this study and of selected reference strains. Host range testing was done using the magenta units described above and with Amorpha canescens, Astragalus canadensis, Coronilla varia, D. leporina, D. purpurea, Leucaena Order of strains from left to right: 1, UMR6815; 2, 1WW7; 3, 2WR3; 4, 5HW8; 5, 2WH7; 6, 2WW6; 7, 2WR13; 8, 4WH4; 9, 2HW4; 10, 2HW8; 11, 1WW4; 12, 1HW15; 13, 1WW9; 14, 1HR1; 15, 2WH14; 16, 1WW11; 17, 3HR6; 18, 1HW6 19; 1WH9 20, 2HR1; 21, 1HR15; 22, 1WH3; 23, 6HH14; 24, 1WH6; 25, 4HW4; 26, 1WH14; 27, UMR1632. In this annotation, the first letter indicates the prairie from which the host seed was collected and the second the prairie from which the soil was sampled. UMR1632 was included as a reference strain in each gel and across all gels grouped at a similarity of 80% or greater. , and 4HR1 were also tested.
The methods used were as previously described except that seeds of Macroptilium, Leucaena, and Onobrychis were simultaneously surface sterilized and scarified using concentrated sulfuric acid. Rhizobial cultures were grown on YMA medium for 6 d at 28°C and then suspended in 100 mL of sterile water and the cells shaken until they were dispersed. Five millilitres of these suspensions was applied to duplicate magenta units for each host-strain combination tested. Plants were grown for 4 weeks under standard growth chamber conditions before evaluation for nodulation and nitrogen fixation.
Results and discussion
MPN counts of rhizobia in soil samples from the 3 prairie soils varied substantially, with rhizobia per gram of soil recovered from the Ordway Prairie much fewer than found in the Kellogg-Weaver Dunes and Hayden prairies (Table 2) . In contrast, rhizobia recovered from the Ordway soil exhibited greater diversity than was found at the other 2 locations. We could not explain this disparity until we completed PCR and rRNA studies and showed that most of the rhizobia from the Ordway Prairie grouped with strain UMR6815. previously reported the ability of UMR6815 to effectively nodulate D. purpurea and D. candida but not D. leporina, the host used in MPN counts. We had chosen to use D. leporina in MPN counts because of the speed and uniformity of its germination and because of its early growth vigor. The effects of the use of this host in the MPN counts highlight once again the importance of host genotype in apparent differences in rhizobial population size and diversity in soil (Bernal and Graham 2001; Laguerre et al. 2003) .
While the Dalea seed collected in each of the 3 prairies was of low viability, as is commonly reported for fragmented ecosystems, the 218 rhizobia recovered from these soils exhibited wide genetic diversity in BOXA1R banding patterns ( Figs. 1 and 2 ). In Fig. 2 , the dendrogram has been collapsed for reproduction, with the triangular areas shown each including multiple strains that were all more than 75% similar to each other. Three major and 13 minor groups of organisms were separated on the basis of banding pattern similarities, with a further 16 isolates identified as having unique banding patterns. Each major cluster of organisms also including one or more reference strains (inoculant strains UMR7205 and UMR7240 from Dalea in cluster 1, UMR 6931 from Astragalus sinicus in cluster 2, and inoculant strain UMR6815 from Dalea and UMR6861 from Onobrychis in cluster 3). However no representative of a recognized taxonomic species fell into any major group.
In addition to the wide genetic diversity evident from PCR fingerprint analysis, there were also marked differences between the isolates according to the prairie soil from which they originated. Thus, 82 of 87 isolates from group 1 were from the Hayden Prairie, all 59 isolates in group 2 were from Kellogg-Weaver Dunes, and 29 of 31 isolates in group 3 were from the Ordway Prairie. We were only permitted to Vi.a, Vicia americana. 0 indicates that no plant was nodulated, + that all plants were nodulated, and ± that nodules were produced on some but not all plants. All trials included uninoculated controls, and where any of these had nodules, the trial was discarded and repeated. take 3 soil samples from each prairie and so should not extrapolate from these data to the entire prairie area. However, either each sample taken showed marked spatial effects or location and prairie history had a profound effect on rhizobial diversity. McInnes et al. (2004) also noted a dominant cluster of rhizobia occupying more than 30% of nodules in almost 75% of the papers that they reviewed.
When these results are combined with those of the 16S rRNA gene sequence analysis (Fig. 3) , all 6 representatives of the organisms included in cluster 1, including the 2 inoculant strains UMR7205 and UMR7240 and the reference isolates 2D4 and IC5 from D. purpurea and D. candida, respectively, had 16S rRNA gene sequences with greatest similarity to R. etli and R. leguminosarum. Most previous taxonomic studies have concluded that R. etli and R. leguminosarum are each relatively restricted in host range, although 1 biovar of R. etli is reported to nodulate Mimosa (Wang et al. 1999b ). However, similarity to R. etli is not without precedent, Graham et al. (1999) previously noting similarity of Dalea rhizobia collected from other ar- Fig. 3 . Similarity of aligned sequences of 16S rRNA genes from 12 representative isolates of Dalea rhizobia coming from the Hayden, Ordway, and Kellogg-Weaver Dunes prairies, the Dalea inoculant strains UMR6815, UMR7205, and UMR7240 , and the reference strains 2D4 and IC5 from D. purpurea and D. candida, respectively. The number of nucleotide differences was derived from the aligned sequences to construct an unrooted tree using UPGMA. The sequences were aligned using the PILEUP program in the Wisconsin package of the Genetic Computers group and aligned sequences analyzed using the Molecular Evolutionary Genetics Analysis software version 1.02. Levels of support for the presence of nodes were obtained from 500 permutations of the data set and are indicated. eas to R. leguminosarum and R. etli. Both Beyene et al. (2004) and Bernal et al. (2004) have reported difficulties in distinguishing R. etli and R. leguminosarum.
Three strains representing isolates obtained from the Ordway Prairie (group 3) together with the inoculant strain UMR6815 were identified as closely related to R. gallicum on the basis of 16S rRNA analysis. Overlap between Dalea, Onobrychis, Oxytrophis, and P. vulgaris hosts and microsymbionts has been suggested before (Martinez et al. 1985; Cloutier et al. 1996; Graham et al. 1999 ) and similarity in fatty acid methyl esters between rhizobial strains from Dalea and R. gallicum shown, so this result was not unexpected. Both R. etli and R. gallicum each nodulate beans in the traditionally managed milpa system in Mexico (Silva et al. 2003) , and Dalea and Phaseolus coexist in much of the southwestern United States and Mexico. More detailed studies of the overlap and interplay between these 2 groups of organisms are warranted.
Three strains selected as representative of the 59 strains from cluster 2 and 3 isolates from a smaller cluster of 10 strains, all from Kellogg-Weaver Dunes, showed affinity to M. huakuii and M. amorphae. The epithet M. huakuii was originally proposed for rhizobia isolated from A. sinicus (Chen et al. 1991) , with isolates from this genus previously reported to nodulate both Onobrychis and Oxytropis but not studied in relation to Dalea (Cloutier et al. 1996) . Similarly, Graham et al. (1999) also noted that a single strain from Dalea clustered with M. huakuii on the basis of fatty acid methyl ester analysis. Wang et al. (1999a) Becker, Minnesota (unpublished data) . As Dalea and Amorpha fare best in somewhat drier environments, and are commonly associated, the frequency of interchange in their rhizobia is potentially of significance, especially in fragmented prairie areas. Weaver Dunes is a Nature Conservancy site with a previous history of at least partial use in agriculture. This could have affected persistence of Dalea rhizobia in the soil and contributed to our current results. The final isolate evaluated using 16S rRNA gene sequence analysis (3WR15) appeared to be somewhat similar to Phyllobacterium rubiacearum.
Host range for some of the rhizobia from this study and representative reference strains are shown in Table 3 . Given the rustic nature of some of these hosts, it has been difficult to obtain consistent nodulation data. Rhizobium tropici and R. gallicum are already known for their promiscuity in nodulation with P. vulgaris, M. atropurpureum, and L. leucocephala (Martinez-Romero et al. 1991; Amarger et al. 1997 ). It appears from our data that some of the Dalea isolates that we obtained are similarly promiscuous and that this promiscuity can be expanded to include O. viciifolia and Dalea species. Also of significance is the nodulation of A. canadensis by isolates 1WW15, 3WH5, and 1WW4 and of A. canescens with 1WW4. These results are consistent with those of the 16S rRNA and BOXA1R PCR data.
In this study, we have shown major differences in the rhizobia associated with D. purpurea in 3 small prairie areas in Minnesota and Iowa, with each area dominated by apparently different species of Rhizobium or Mesorhizobium. Factors contributing to these differences need to be better defined. A concern in this study was that we were only permitted to take 3 soil samples per prairie area, perhaps affecting our results. We are currently working with Dalea hosts and their rhizobia from 10 fragmented prairie areas of different size in an approximately 3000-ha area of western Minnesota first described by Wagenius (2000) . These fragments vary in the spatial distribution and number of the D. purpurea plants that they contain and in the presence of and proximity of D. purpurea plants to both D. candida and Amorpha spp. Diversity of both Rhizobium and Dalea is being studied, and the effects of fragmentation on plant health and biological nitrogen fixation are being determined. These studies will provide a much broader database from which to draw conclusions on the effects of fragmentation on strain diversity and associated nitrogen fixation.
